Introduction {#s1}
============

Frontotemporal dementia (FTD) is an insidious neurodegenerative clinical syndrome that is characterized by progressive disturbances in behavior as well as deficits in executive function and language. FTD is a common early-onset dementia (occurring in patients aged \< 65 years), has a prevalence rate of 3--26%, and is one of the most common forms of dementia across all age groups ([@B1]). Arnold Pick, a Czech psychiatrist, first identified the clinical syndrome of FTD in 1892 ([@B2]). He described a patient with aphasia, focal frontal and temporal lobar atrophy, and presenile dementia. Alois Alzheimer, a German psychiatrist and neuropathologist, later characterized Pick bodies as being associated with FTD and named the disorder Pick\'s disease in 1911 ([@B3]). Although, the term Pick\'s disease initially referred to both the clinical syndrome and the pathological diagnosis, modern nomenclature designates Pick\'s disease as only the pathological diagnosis, whereas a clinical diagnosis for prominent behavioral changes is known as behavioral-variant FTD (bvFTD). Mesulam described primary progressive aphasia (PPA), the language subtype of FTD, in 1982 ([@B4]). Revised diagnostic criteria were issued in 2011 ([@B5], [@B6]).

Precision medicine, also called "personalized medicine" or "individualized medicine," is a rapidly advancing field in medical, clinical, and research settings. It aims to optimize the effectiveness of disease prevention and treatment and simultaneously minimize side effects in individuals who are less likely to respond to a particular therapy, by considering an individual\'s specific makeup with regard to genetics, biomarkers, phenotype, and psychosocial characteristics. In this review, we discuss the precision medicine of FTD, from clinical phenotypes, epidemiology, genetics, neuroimaging to neuropathological biomarkers. We further review recent advancements in therapeutic strategies and potential personalized treatment for FTD ([@B7]--[@B13]). This review improves the understanding of accurate diagnosis and personalized effective disease treatment strategies.

Cognitive and Behavioral Markers {#s2}
================================

FTD is an umbrella term for three recognizable clinical syndromes, namely bvFTD, semantic-variant PPA (svPPA), and non-fluent-variant PPA (nfvPPA) ([Table 1](#T1){ref-type="table"}). FTD also frequently overlaps clinically with three neurodegenerative diseases that exhibit motor deficits, namely corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), and amyotrophic lateral sclerosis ([@B14]).

###### 

Clinical features of bvFTD, svPPA, and nfvPPA ([@B5], [@B6]).

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Syndrome**   **Possible diagnosis with clinical evidence**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      **Probable diagnosis with imaging evidence**                                                                                                                                                                                                                                                            **Definite diagnosis with pathological or genetic support**                                                                               **Exclusionary criteria**
  -------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  bvFTD          At least three of the following:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  All of the following:\                                                                                                                                                                                                                                                                                  All of the following:\                                                                                                                    Deficits or disturbances are not better explained by other disorders (neurodegenerative, non-degenerative nervous system, psychiatric, or medical diseases)
                 Behavioral disinhibition (socially inappropriate behavior; Loss of manners or decorum; impulsive, rash or careless actions) within the first 3 years.Apathy or inertia within the first 3 yearsLack of empathy or sympathy (loss of response to other people\'s needs and feelings; loss of social interest, interrelatedness or personal warmth) within the first 3 yearsPerseverations, stereotypies or compulsions (simple repetitive movements; complex, compulsive or ritualistic behaviors; stereotypy of speech) within the first 3 yearsDietary habit changes or hyperorality (altered food preferences; binge eating, increased consumption of alcohol or cigarettes; oral exploration or consumption of inedible objects)Executive-predominant deficits on neuropsychological profile with relative sparing of episodic memory and visuospatial skills   Meets possible diagnostic criteriaSignificant functional deficit (according to Clinical Dementia Rating Scale, Functional Activities Questionnaire scores, or caregiver report)Imaging consistent with bvFTD (predominant frontal and/or anterotemporal atrophy, hypoperfusion and/or hypometabolism)   Meets possible or probable diagnostic criteriaHistopathological proof of FTLD pathology and/or existence of a known pathogenic mutation   

  svPPA          Both of the following core features:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              All of the following:\                                                                                                                                                                                                                                                                                  All of the following:\                                                                                                                    Deficits are not better explained by other disorders (non-degenerative nervous system, psychiatric, or medical diseases)Prominent initial symptoms are not episodic memory, visuospatial impairments, or behavioral disturbance
                 Impaired confrontation namingImpaired single-word comprehensionAt least three of the following four features:Impaired object knowledge (particularly for low familiar or frequent items)Surface dyslexia or dysgraphiaSpared repetitionSpared grammar and motor speech (speech production)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Meets possible diagnostic criteriaImaging consistent with svPPA (predominant anterior temporal lobe atrophy, hypoperfusion and/or hypometabolism)                                                                                                                                                       Meets possible or probable diagnostic criteriaHistopathological proof of FTLD pathology and/or existence of a known pathogenic mutation   

  nfvPPA         At least one of the following two core features:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  All of the following:\                                                                                                                                                                                                                                                                                  All of the following:\                                                                                                                    Deficits are not better explained by other disorders (non-degenerative nervous system, psychiatric, or medical diseases)Prominent initial symptoms are not episodic memory, visuospatial impairments, or behavioral disturbance
                 AgrammatismEffortful, halting speech with inconsistent sound errors and distortions (apraxia of speech)At least two of the following three features:Impaired comprehension of syntactically complex sentencesSpared single-word comprehensionSpared object knowledge                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Meets possible diagnostic criteriaImaging consistent with nfvPPA(predominant left posterior frontoinsular atrophy, hypoperfusion and/or hypometabolism)                                                                                                                                                 Meets possible or probable diagnostic criteriaHistopathological proof of FTLD pathology and/or existence of a known pathogenic mutation   
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*BvFTD, behavioral-variant frontotemporal dementia; svPPA, semantic-variant primary progressive aphasia; and nfvPPA, non-fluent variant primary progressive aphasia*.

Behavioral-Variant Frontotemporal Dementia
------------------------------------------

The symptoms of bvFTD include progressive personality and behavioral changes, apathy, and disinhibition in interpersonal interactions. Patients may experience early changes in disinhibition, stereotypic behavior, alterations in food preferences and eating behavior, alterations in empathy, apathy, and dysexecutive symptoms ([@B5], [@B15]). Some of these early symptoms, such as decreased empathy, may have diagnostic value for bvFTD, but they have not been ascertained in clinical practice. Apathy may manifest as reduced interest in work, hobbies, social interaction, and hygiene; however, apathy can be misdiagnosed as depression.

Symptoms similar to those detected in psychiatric disorders are frequently observed in patients with bvFTD. Thus, discriminating the behavioral features of bvFTD from those of primary psychiatric disorders such as depression, schizophrenia, bipolar disorder, and borderline personality disorder may be challenging ([@B16], [@B17]). Although psychotic symptoms such as hallucinations and delusions are rare in bvFTD, cases of these symptoms have been reported ([@B17]), particularly in patients carrying the chromosome 9 open reading frame 72 *(C9orf72)* repeat expansion ([@B18]).

Primary Progressive Aphasia
---------------------------

Patients with PPA exhibit a progressive decline in linguistic skills during the early phase of the disease. Language dysfunction is the main symptom during the first 2 years of PPA. Deficits in object naming, syntax, or word comprehension may become apparent during conversation or may be identified using speech and language assessment. The subtypes of PPA are differentiated by specific types of speech or language deficits. The three PPA subtypes are the semantic, non-fluent, and logopenic variants ([@B19]). Each subtype has a distinct pattern of language deficits. Naming difficulty is common to all three subtypes; therefore, it is not a distinguishing feature. The non-fluent (or agrammatic) variant and the semantic variant are classified as FTD, whereas the logopenic variant, most often associated with temporoparietal atrophy, is typically due to underlying Alzheimer\'s pathology; hence, it is not discussed in this review.

Semantic-Variant Primary Progressive Aphasia
--------------------------------------------

In svPPA, a syndrome characterized by semantic aphasia and associative agnosia, anterior temporal lobe degeneration disrupts semantic memory ([Table 1](#T1){ref-type="table"}) ([@B6]). Anomia and single-word comprehension deficits, starting with low-frequency items, are essential for diagnosis ([@B20]). In contrast to patients with nfvPPA, those with svPPA maintain fluent speech and correct grammar during the early stages of this disease. Early symptoms of semantic PPA include anomia, word-finding difficulties, and repetitive speech, whereas early behavioral syndrome presents with irritability and emotional distance or coldness.

Non-fluent/Agrammatic-Variant Primary Progressive Aphasia
---------------------------------------------------------

Articulation deficits resulting in slow, labored, and halting speech production as well as incorrect grammar or syntax (agrammatism) characterize nfvPPA. The core criteria of nfvPPA are agrammatism and effortful speech, and at least one of the criteria should be present ([Table 1](#T1){ref-type="table"}) ([@B6]). Patients tend to exhibit motor speech disorders characterized by a slow speech rate, abnormal prosody, and distorted sound substitutions, additions, repetitions, and prolongations, which are occasionally accompanied by groping, trial-and-error articulatory movements ([@B21]), or agrammatic errors. Repetition is less impaired than is spontaneous speech, and semantic knowledge for words typically remains well-preserved throughout the disease process.

Motor Symptoms
--------------

The three FTD-spectrum motor syndromes are FTD with motor neuron disease (FTD-MND) and two variants with parkinsonism, namely corticobasal syndrome (CBS) and progressive supranuclear palsy syndrome (PSP-S). Up to 15% of patients with FTD have concomitant MND, and nearly 30% of patients present with mild features of MND ([@B9], [@B22]). MND may include upper motor neuron signs (hyperreflexia, extensor plantar response, and spasticity), lower motor neuron signs (weakness, muscle atrophy, and fasciculations), dysarthria, dysphagia, and pseudobulbar affect ([@B22]). Up to 20% of patients with FTD present with parkinsonism, which is most often observed in patients with bvFTD, followed by those with nfvPPA ([@B23]). Patients with FTD may exhibit features of CBS or PSP-S. CBS is a heterogeneous syndrome featuring behavioral, cognitive, and motor changes. The clinical criteria for probable CBS include asymmetric presentation with any two symptoms among (A) limb rigidity or akinesia, (B) limb dystonia, and (C) limb myoclonus, as well as any two symptoms among (D) orobuccal or limb apraxia, (E) cortical sensory deficit, and (F) alien limb phenomena (more than simple levitation) ([@B24]). Finally, PSP-S is characterized by atypical parkinsonism with axial and symmetrical rigidity, supranuclear gaze palsy (most prominent in the vertical plane), decreased saccadic velocity, early postural instability with falls, and prominent frontal lobe dysfunction ([@B25], [@B26]).

Taken together, the vast heterogeneity and overlap of clinical phenotypes in FTD often poses diagnostic challenges for clinicians, in particular the presenting psychiatric symptoms that may easily be mistaken for psychiatric disorders. The accurate diagnosis of each subtype of FTD, therefore, requires a precision medicine approach.

Imaging Biomarkers {#s3}
==================

Neuroimaging has the potential to aid the differential diagnosis of FTD. For example, FTD is characterized by predominant frontal or temporal atrophy, particularly in the frontoinsular region, as revealed by structural brain imaging ([Figure 1](#F1){ref-type="fig"}; [Table 2](#T2){ref-type="table"}) ([@B8]). Using voxel-based morphometry, Rosen et al. demonstrated that core neuropsychiatric symptoms of bvFTD, including apathy, disinhibition, and aberrant motor behavior, are localized to the right frontal structures. Moreover, atrophy in the right-hemispheric anterior cingulate cortex and adjacent ventromedial superior frontal gyrus, posterior ventromedial prefrontal cortex, lateral middle frontal gyrus, caudate head, orbitofrontal cortex, and anterior insula was correlated with symptom severity ([@B27]). Very mild bvFTD targets paralimbic networks, including the anterior cingulate, insular, medial frontal, and orbitofrontal cortices ([@B28]). Specifically, atrophy of the right ventromedial superior frontal gyrus was associated with apathy; atrophy of the right ventromedial prefrontal cortex was associated with disinhibition ([@B27]); and atrophy of the dorsolateral prefrontal was associated with executive deficit ([@B7]). A widespread alteration in white matter connectivity between the frontal and temporal lobes was noted using diffusion tensor imaging. The uncinate fasciculus, anterior parts of the superior and inferior longitudinal fasciculi, genu of the corpus callosum, cingulum, and inferior fronto-occipital fasciculus were affected ([Table 2](#T2){ref-type="table"}) ([@B10], [@B29]).

![Patterns of brain atrophy in clinical subtypes of frontotemporal dementia ([@B7]--[@B9]). **(A)** Areas of brain atrophy in behavioral-variant frontotemporal dementia (blue), right hemisphere lateral view; **(B)** Areas of brain atrophy in semantic-variant primary progressive aphasia(green), left hemisphere lateral view; **(C)** Areas of brain atrophy in non-fluent variant primary progressive aphasia, left hemisphere lateral view.](fpsyt-10-00075-g0001){#F1}

###### 

Imaging and pathological characteristics of frontotemporal dementia ([@B7]--[@B9]).

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Three types FTD**   **Genetic and pathological characteristics**   **Imaging characteristics**                                          
  --------------------- ---------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Behavior variant      bvFTD                                          *C9orf72, MAPT*, and *GRN* mutations; tau and TDP-43 proteinopathy   Prefrontal and anterior temporal cortex loss, particularly in the right hemisphere; reduced white matter fractional anisotropy in uncinate fasciculus; striatum, thalamus, anterior cingulate, and insula atrophy; reduced fractional anisotropy in superior and inferior longitudinal fasciculi, inferior fronto-occipital fasciculus, genu of corpus callosum and cingulum

  Language variant      svPPA                                          Rare genetic mutations;\                                             Brain atrophy in inferior temporal and fusiform gyri, temporal pole, parahippocampal cortex, entorhinal cortex, particularly in the left hemisphere;\
                                                                       tau and TDP-43\                                                      reduced fractional anisotropy in left superior longitudinal fasciculus and corpus callosum;\
                                                                       (majority) proteinopathy                                             brain atrophy also affecting anterior cingulate, orbitofrontal, inferior frontal, and insular cortices; reduced fractional anisotropy in left cingulum, left orbitofrontal, inferior frontal, anterior temporal, inferior parietal white matter regions

                        nfvPPA                                         *GRN* mutations; tau (majority), and TDP-43 proteinopathy            Brain atrophy in the inferior frontal, prefrontal and temporal cortices, caudate and putamen, particularly in the left hemisphere*;* reduced fractional anisotropy in left uncinate fasciculus, corpus callosum, cingulum, and inferior longitudinal fasciculus tract
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*BvFTD, behavioral-variant frontotemporal dementia; svPPA, semantic-variant primary progressive aphasia; nfvPPA, non-fluent variant primary progressive aphasia; C9orf72, chromosome 9 open reading frame 72; MAPT, microtubule-associated protein tau; GRN, progranulin mutations; and TDP-43, transactive response (TAR) DNA-binding protein of 43 kDa*.

By contrast, language symptoms are usually localized to the left hemisphere and are associated with a deficit of the language circuit. Degeneration of the left anterior temporal lobe is associated with linguistic semantic loss, whereas that of the right anterior temporal lobe is associated with prominent behavioral and personality changes, including lack of empathy and increased rigidity ([@B30]). Patients with PPA present with focal and asymmetric changes in specific networks fundamental to language processing.

Patients with svPPA present with semantic memory deficit that is localized to the anterior temporal lobes. Abnormalities in white matter connectivity are predominantly distributed over the left fronto-temporal areas, including the uncinate fasciculus, inferior longitudinal fasciculus, corpus callosum, and cingulum ([Figure 1](#F1){ref-type="fig"}; [Table 2](#T2){ref-type="table"}) ([@B10], [@B31], [@B32]). The occipital lobe, cerebellum, and brainstem are spared ([@B10], [@B31]). The left temporal lobe variant is approximately three times more common than the right temporal lobe variant ([@B33]). Eventually, degeneration spreads to the other side; accordingly, patients with svPPA develop right temporal pole atrophy (and vice versa). The following observations are relatively likely to be associated with major right temporal atrophy and difficulty with person identification ([@B34]). Patients with the right temporal variant may have difficulty recognizing famous faces because of semantic loss. As the disease spreads from the temporal lobes into the orbitofrontal cortex, the patients start exhibiting behavioral changes, such as irritability, emotional withdrawal, insomnia, strict or selective eating (often focusing on one particular type of food), and occasionally depression ([@B30]). Despite the loss of semantic knowledge in the left temporal lobe variant, functions such as visual attention on the right side are sometimes enhanced. Patients with the left temporal lobe variant are more likely to develop visual compulsions such as repetitions in activities, collecting brightly colored objects, jewelry beading, gardening, or painting ([@B30], [@B33]). By contrast, individuals with the right temporal lobe variant develop verbal compulsions on words and symbols (such as compulsively writing letters, playing solitaire, writing telephone numbers, and making puns). In summary, left temporal atrophy has been associated with loss of verbal semantic knowledge, whereas behavioral symptoms dominate the right temporal variant.

In nfvPPA, the deficits target the frontoinsular cortex. Atrophy is most frequently noted in the left inferior frontal and insular cortices, which disrupts language fluency and grammar ([@B7], [@B35]). White matter abnormalities are predominantly distributed over the left frontal-temporal-parietal regions, including the left superior longitudinal fasciculus, corpus callosum, cingulum, inferior and orbital frontal, anterior temporal, and inferior parietal areas ([Figure 1](#F1){ref-type="fig"}; [Table 2](#T2){ref-type="table"}) ([@B10], [@B36]). Except for structural MRI, functional MRI, fluorodeoxyglucose (FDG)- PET, and single-photon-emission computed tomography all show disturbances in perfusion and metabolism over these areas ([@B8], [@B10]). In summary, due to cerebral hemispheric differences, patients with right-predominant patterns of atrophy tend to present with behavioral disturbance, such as bvFTD and right-sided svPPA, whereas patients with left-predominant atrophy may lead to language-related impairment, such as left-sided svPPA and nfvPPA.

Neuropathological Biomarkers: Tau, TDP-43, and Fused in Sarcoma {#s4}
===============================================================

FTD is caused by FTLD, a pathological process of cortical and subcortical degeneration over the frontal and temporal areas. Abnormal intracellular aggregates of tau and transactive response (TAR) DNA-binding protein of 43 kDa (TDP-43) are the leading causes of FTD (accounting for \~90% of cases). Fused in sarcoma (FUS), characterized by abnormal intracellular FUS inclusions, is associated with most of the remaining cases ([Figure 2](#F2){ref-type="fig"}) ([@B7]).

![Clinical, pathological, and genetic associations in FTD ([@B7]--[@B9], [@B37]). Clinical symptoms are shown at left, colored regions of clinical diagnosis represent relative percentages of patients found to have each underlying neuropathological diagnosis. Blue line, genetic and pathological aspects of bvFTD; gray line, genetic, and pathological aspects of nfvPPA; purple line, genetic, and pathological aspects of svPPA. bvFTD, behavioral-variant frontotemporal dementia; svPPA, semantic-variant primary progressive aphasia; nfvPPA, non-fluent variant primary progressive aphasia; FUS, fused in sarcoma; TDP-43, transactive response (TAR) DNA-binding protein of 43 kDa; *C9orf72*, chromosome 9 open reading frame 72; *GRN*, progranulin mutations; *MAPT*, microtubule-associated protein tau; and *VCP*, valosin-containing protein.](fpsyt-10-00075-g0002){#F2}

Frontotemporal Lobar Degeneration -Tau Pathology
------------------------------------------------

FTLD-tau accounts for one-third to one-half of all cases of FTLD, characterized by neuronal and glial tau aggregation ([@B8], [@B38]). Tau is critical for cellular morphology and function by binding to and stabilizing microtubules. In neurodegenerative disorders, tau becomes excessively hyperphosphorylated, dissociates from microtubules, and aberrantly aggregates within neurons and glia. Tau is encoded by microtubule-associated protein tau (*MAPT*). *MAPT* mutations mainly result in FTLD-tau pathology ([Figure 2](#F2){ref-type="fig"}). Alternative splicing of *MAPT* mRNA leads to the production of three or four microtubule-binding domain repeats (3R or 4R). FTLD-tau is further subdivided into 3R, 4R, and 3R/4R tauopathies. Pick\'s disease, a 3R tauopathy, accounts for up to 30% of FTLD-tau cases ([@B8], [@B38]). A striking atrophy over the frontal, cingulate, and temporal gyri was noted ([@B8]). CBD, a 4R tauopathy, has been observed in approximately 35% of patients with FTLD-tau and involves the dorsal prefrontal cortex, supplemental motor area, perirolandic cortex, and subcortical nuclei ([@B8], [@B38]). PSP, also a 4R tauopathy, accounts for approximately 30% of patients with FTLD-tau ([@B38]). PSP is associated with frontal atrophy and with subcortical atrophy of the globus pallidus, subthalamic nucleus, and brainstem nuclei ([@B8]).

Approximately half of all bvFTD patients and the majority of nfvPPA patients have FTLD-tau pathology ([Figure 2](#F2){ref-type="fig"}) ([@B11]). Furthermore, in most bvFTD or nfvPPA cases, the presence of extrapyramidal symptoms suggestive of CBS/PSP likely reflect an underlying tauopathy ([@B12]). Behavioral changes seen in bvFTD, or non-fluent motor speech difficulties in nfvPPA, may be presented in patients with CBS/PSP clinical syndrome before or after development of movement disorder. PSP neuropathology is strongly associated with patients with PSP clinical syndrome, particularly presence of the supranuclear vertical gaze palsy and early postural instability ([@B11]). Thus, PSP patients have become popular for the emergence of tau-targeting therapies in precision medicine. On the other hand, CBS is a highly variable clinical syndrome. In contrast, only 23% of the clinical CBS patients possessed Alzheimer\'s disease (AD) neuropathology, 13% with PSP neuropathology and 35% with CBD neuropathology in a large series of autopsy ([@B39]).

Frontotemporal Lobar Degeneration-TDP Pathology
-----------------------------------------------

FTLD-TDP accounts for approximately half of all patients with FTLD ([@B38]). TDP-43, a nuclear protein, is crucial for exon skipping and transcription regulation ([@B40]). In FTLD-TDP, TDP-43 becomes aberrantly localized from the nucleus to the cytoplasm, where it forms cytoplasmic inclusions ([@B41]). The cytoplasmic inclusions cause neurodegeneration though the potential toxicity of pathological TDP-43 aggregates and loss of normal TDP-43 function (i.e., nuclear clearance, RNA regulation) ([@B11], [@B42]). Four subtypes of FTLD-TDP (types A, B, C, and D) are recognized on the basis of the shape and distribution of TDP-43-positive lesions within the associative cortex ([@B8]). Type A accounts for approximately half of nfvPPA patients, one-quarter of suspected CBD patients, and one-quarter of bvFTD patients. Type C accounts for the majority of svPPA patients ([Figure 2](#F2){ref-type="fig"}) ([@B8]).

Frontotemporal Lobar Degeneration -FUS Pathology
------------------------------------------------

FUS is an RNA-binding protein involved in splicing and nuclear export of mRNA. FTLD-FUS has the following three subtypes: atypical FTLD with ubiquitin-positive inclusions, neuronal intermediate filament inclusion disease, and basophilic inclusion body disease ([@B11], [@B43]). A majority of patients with FTLD-FUS pathology are diagnosed as having bvFTD, characterized by sporadic, early-onset FTD with behavioral disturbance, disinhibition, and psychotic symptoms ([Figure 2](#F2){ref-type="fig"}) ([@B44]).

Collectively, the diversity of pathology FTLD gives rise to a vast complexity of clinical phenotypes, with often overlapping neuropsychiatric features. Understanding the underlying neuropathological biomarkers, through personalized medicine, may in the future, offer more targeted and precise therapeutic options ([Figure 2](#F2){ref-type="fig"}).

Genetics Biomarkers {#s5}
===================

Up to 40% of FTLD patients have a family history of dementia, thus suggesting a familial transmission; however, a clear autosomal-dominant history accounts for only 10% of all patients ([@B45]). To date, mutations in *MAPT*, chromosome 9 open reading frame 72 *(C9orf72)*, and progranulin (*GRN*) have accounted for more than half of patients in FTLD families with a strong autosomal-dominant history ([@B8]). Mutations in *MAPT* and *GRN* account for 5--20% of patients with familial FTLD; *C9orf72* mutations account for approximately 13--50% of familial FTLD patients and is a common genetic cause of FTD ([@B8], [@B46], [@B47]).

MAPT
----

*MAPT* mutations cause impaired microtubule assembly, impaired axonal transport, and increased pathological tau aggregation ([@B48]). As mentioned above, pathological tau formation in the cortical and subcortical brain areas results in neurodegeneration and is neuroanatomically correlated with the development of clinical symptoms ([@B13]). Patients with *MAPT* mutations are relatively young at onset (\<50 years) and have a relatively short duration of illness (compared with those with other mutations), characterized by psychiatric and behavioral features (i.e., disinhibition, stereotyped repetitive behavior, and obsessions), parkinsonism, and oculomotor dysfunction ([@B13], [@B49], [@B50]). Neuroimaging studies revealed brain atrophy in the anterior temporal, orbitofrontal, caudate, insula, and anterior cingulate cortices ([@B51]), and different *MAPT* mutations may target different brain areas. For example, the medial temporal lobe indicates mutations in the splicing of exon 10, whereas mutations affecting the coding region target the lateral temporal lobe ([@B52]).

C9orf72
-------

The expansion of a noncoding GGGGCC hexanucleotide repeat in *C9orf72* is the most common cause of inherited FTD worldwide, and it accounts for a relatively small proportion of sporadic cases ([@B47], [@B53]). Normally, the number of GGGGCC hexanucleotide repeats is \< 20; however, the presence of 65 or more repeats is considered pathogenic. Typically, the number of pathogenic repeats is in the hundreds ([@B54]). These expansion mutations are highly associated with TDP-43 pathology ([@B13]). FTD patients with the *C9orf72* expansion mutation commonly present with bvFTD, MND, or a combination of the two, characterized by behavioral features (i.e., apathy, loss of empathy, and disinhibition), complex stereotyped behaviors, executive dysfunction, and Parkinson-like symptoms (i.e., gait disturbance, tremor, and rigidity) ([@B13]). Approximate 38% of patients present with psychotic symptoms, characterized by delusions, hallucinations, somatic symptoms, agitation, and anxiety ([@B13], [@B55]). Imaging-genetic studies in FTD patients with *C9orf72* expansions have revealed a distributed symmetric pattern of brain atrophy in the frontal lobe (medial, dorsolateral, and orbitofrontal FTD patients with the *C9orf72* expansion may have a more rapid cognitive decline related to cortical atrophy compared with other forms of FTLD-TDP ([@B56], [@B57]), and most *C9orf72* expansion carriers with Parkinson-like symptoms respond poorly to levodopa usage ([@B13]). Therefore, *C9orf72* genotyping could potentially be useful for precision medicine approach, not only to classify patients with FTLD but also offer prognostic values.

GRN
---

Progranulin is a secreted protein involved in cell-cycle regulation, wound repair, axonal growth, and inflammation modulation ([@B58]). *GRN* mutations are associated with haploinsufficiency and the reduction of progranulin production and secretion ([@B59]). They are clinically associated with bvFTD, nfvPPA, and CBS, thus conferring relatively low penetrance until 70 years ([@B60], [@B61]). Psychiatric symptoms, including delusions, hallucinations, ritualistic behaviors, apathy, and social withdrawal, are common. Language function is involved early in FTD patients with *GRN* mutations compared with patients with *C9orf72* or *MAPT* mutations ([@B13]). Imaging study results showed asymmetric atrophy in the inferior frontal, temporal, and inferior parietal lobes, whereas *C9orf72 or MAPT* mutations are associated with symmetrical brain atrophy ([@B62]).

Other Genetic Biomarkers
------------------------

Mutations in TAR DNA-binding protein (*TARDBP*), valosin-containing protein (*VCP*), *TIA1, TBK1*, and *CCNF* genes (associated with TDP-43 pathology); and *FUS* and *CHMP2B* (associated with tau-negative, TDP-negative, ubiquitin-positive inclusions) account for a minority of familial FTD ([@B8]). Mutations of *TARDBP* are commonly associated with ALS and FTD-ALS, and may be associated with PSP-like symptoms and chorea. Patients with "ALS-plus" symptom (clinical features extending beyond pyramidal and neuromuscular systems) have an increased likelihood of carrying a pathogenic *TARDBP, C9orf72*, or *VCP* mutation in contrast with sporadic cases ([@B63]).

Accordingly, genetic assessment for the above known genetic variants may improve diagnosis of FTD amid an overly complicated clinical picture. In addition, it may offer biological information to predict personal disease risk, understand underlying pathophysiology, identify presymptomatic individuals at risk for FTD and even provide future options for personalized therapeutics.

Applications of FTD Biomarkers for Precision Medicine {#s6}
=====================================================

Although abnormal tau and TDP protein deposits may not be the only cause of FTD pathogenesis, they can define FTD as a unique neurodegenerative disease in the differential diagnosis of dementia. In addition, the initial differentiation of FTD from atypical AD using FTD precision medicine is crucial because FTD symptoms may become more severe following the application of approved AD therapies ([@B64]). A research framework focusing on biomarker diagnosis of FTD is urgently required because of the complex clinicopathological relationships of the disease. With the advent of biomarkers diagnostic techniques such as neuroimaging, biofluid dynamics, and genetics, FTD pathology can be identified; this can greatly improve diagnostic precision regarding the underlying pathophysiology of clinical syndromes. The National Institute on Aging and Alzheimer\'s Association recently introduced a new research framework for AD diagnosis based on biomarkers ([@B65]). A future diagnostic framework for FTD could adopt a similar approach for precision medicine. The best neuroimaging approach to separate AD from FTD is by FDG-PET, as evident by the diffuse posterior temporoparietal hypometabolism in AD vs. the focal frontotemporal hypometabolism in FTD ([@B8], [@B10]). Although a high proportion of FTLD patients have low levels of comorbid AD neuropathology and amyloid-beta (Aβ~1−42~) imaging is non-specific, amyloid PET scanning may still be useful for such differentiation ([@B11]). However, total tau (t-tau) and Aβ~1−42~ are extensively studied cerebrospinal fluid (CSF) biomarkers that may be used to accurately distinguish autopsy-confirmed FTD from AD ([@B66]); FTD patients have lower t-tau--Aβ~1−42~ ratios ([@B37]). The CSF t-tau--Aβ~1−42~ ratio may lead to substantial improvement in clinical diagnosis for differentiating FTD from atypical AD ([@B67]). Levels of CSF biomarkers of axonal injury and neuronal loss such as neurofilament light chains are reportedly elevated in clinical FTD cohorts compared with cohorts of other neurodegenerative diseases ([@B68], [@B69]) and have been associated with FTD disease severity ([@B69]).

A key task is to distinguish FTD from transmissible spongiform encephalopathies \[i.e., Creutzfeldt-Jakob disease (CJD)\], especially when early symptoms are subtle. CJD is a typical human prion disease caused by the aggregation and propagation of scrapie prion protein (PrP^SC^)---a misfolded form of normal prion protein (PrP^C^). CJD has many forms, including familial, variant, iatrogenic, and sporadic. Sporadic is the most common form (appropriately 85%) ([@B70]). Symptoms include myoclonus, rapidly progressive dementia, pyramidal/extrapyramidal signs, visual/cerebellar symptoms, and akinetic mutism. Clinical diagnosis of sporadic CJD (sCJD) is supported by the identification of 14-3-3 protein in CSF, periodic sharp electroencephalographic spikes, or MRI T2 FLAIR or diffusion-weighted imaging hyperintensities in the basal ganglia and cerebral or cerebellar cortex ([@B71], [@B72]). Compared with FTD, in sCJD, the CSF t-tau level is higher and the p-tau-t-tau ratio is lower ([@B73]). The aforementioned clinical, imaging, and biofluid markers are helpful in discriminating patients with FTD from those with CJD when clinical images are early and subtle.

Based on protein-targeting therapies such as those targeting tau ([@B74]), differentiation of FTLD-tau from FTLD-TDP after the exclusion of other neurodegenerative diseases (i.e., atypical AD and CJD) is the third step. Compared with FTLD-TDP and ALS, FTLD-tau has a higher p-tau level and higher p-tau-t-tau ratio ([@B11]). FTLD-TDP does not have significant p-tau pathology, and thus less p-tau may be released into the CSF compared with FTLD-tau ([@B68], [@B75]). The quantitative immunoprecipitation approach has been developed to detect specific forms of tau \[extended (55 kDa) and truncated (33 kDa)\] ([@B76]) to differentiate FTLD-tau from its subtypes. Through the exploratory proteomics-based approach, many novel CSF biomarkers have been identified for discriminating FTLD-tau from the main FTLD pathological subtypes as well as from non-demented controls and other forms of dementia with maximal accuracy ([@B77]). Studies to demonstrate the use of non-invasive methods such as the application of tau-specific radio ligands to identify FTLD-tau cases are ongoing ([@B78], [@B79]). Imaging and CSF biomarkers may assist in the development of successful therapies by facilitating the appropriate selection of cases for clinical trials targeting specific proteinopathies.

The longitudinal progression of biomarkers at early disease stages may be understood through the investigation of presymptomatic individuals within families that possess pathogenic mutations such as an earlier age of FTLD-tau onset with *MAPT* mutations ([@B64]). Brain network dysfunction has been observed in presymptomatic FTD with *GRN* ([@B80]) and *C9orf72* ([@B81]) mutations. *C9orf72* disease exhibits additional protein inclusion, additional clinical symptoms, and worse prognosis compared with its sporadic forms ([@B11]).

In line with the popular use of the *APOE* genotype in AD clinical trials, hereditary FTLD may be a popular choice for clinical trial development of therapies specific to this mutation. An autopsy-confirmed sporadic FTLD genetic study revealed several single-nucleotide polymorphisms (SNPs) that were overexpressed in patients with FTLD-tau and those with FTLD-TDP ([@B82]). The risk allele in the FTLD-tau-related SNP was associated with a shorter disease duration and white matter loss in the midbrain and long association fibers in sporadic bvFTD ([@B83]). This indicates the usefulness of SNP genotyping as a diagnostic and prognostic tool. A syndrome constitutes a clinical outcome of one or multiple diseases as opposed to an etiology. Similar to AD, a biological definition of FTD as opposed to a syndromal one is a superior means of enhancing the understanding of the underlying mechanisms of the clinical expression of FTD ([@B65]). Future precision-medicine approaches for FTD treatment must include biologically defined targets alongside the establishment of biomarker profiles and categories.

Treatments {#s7}
==========

Nonpharmacological interventions are considered for the management of dementia before the use of pharmacological treatments that may exacerbate medical comorbidities affecting elderly patients. Healthy lifestyle changes, social connections, physical activity, and environmental intervention may mitigate the effects of dementia ([@B42], [@B43]). The main purpose of nonpharmacological interventions is to prevent disruptive behaviors, provide symptom remission, and reduce caregiver distress. For example, environmental approaches (i.e., reduction of noise, limitation of stimuli, and simplification of daily activities and social parameters) intend to reduce irritability, aggression, and anxiety caused by daily external stimuli.

Currently, no disease-modifying drugs approved by the U.S. Food and Drug Administration are available for the treatment of FTD. Most treatments are focused on the management of behavioral symptoms. The use of selective serotonin reuptake inhibitors can reduce the severity of agitation, aggressiveness, impulsivity, aberrant eating behaviors, and compulsions ([@B8]). Herrmann et al. reported that behavioral and psychiatric symptoms (including irritability, disinhibition, and depression) were alleviated after citalopram treatment at a target dose of 40 mg once daily; furthermore, they observed a decrease in the overall Neuropsychiatric Inventory and Frontal Behavioral Inventory scores ([@B84]). The findings suggest that antidepressants may be beneficial in the treatment of neuropsychiatric and behavioral disturbances in FTD.

Behavioral disturbance (agitation or impulsivity) may also be controlled using atypical antipsychotics such as risperidone, olanzapine, and quetiapine. However, these medications could have side effects and increase the risk of mortality in patients with FTD ([@B13], [@B85]). In FTD patients with *C9orf72* expansion, antipsychotic drugs cause noticeable adverse effects, and the adverse effects could not be reversed in some patients even after drug withdrawal ([@B86], [@B87]). In summary, low doses of atypical antipsychotic drugs may be useful for managing behavioral disturbance ([@B8]), but such drugs should be used with caution in patients with FTD because of the risk of mortality associated with cardiac events and falls secondary to the side effects ([@B88]).

Cholinesterase inhibitors, such as donepezil, do not alleviate but can even exacerbate behavioral disturbance in patients with FTD ([@B89]). This is likely because cholinergic deficit may not contribute to the pathophysiology of FTD ([@B90]). Memantine, an *N*-methyl-d-aspartate (NMDA) antagonist, has been reported to have no benefits in alleviating or delaying the progression of FTD symptoms, but it is generally well-tolerated by patients ([@B91], [@B92]). In summary, cholinesterase inhibitors and NMDA antagonist have no clinical efficacy in the treatment of FTD, and they potentially have detrimental effects on cognitive performance and behavioral symptoms ([@B91], [@B93]). Therefore, preferred management options should be based on risk assessment, and nonpharmacological interventions and caregiver support are preferred for first-line interventions ([@B93]).

Tau-Targeting Therapeutics {#s8}
==========================

Due to knowledge advancements in molecular biology, pathophysiology, and neuropathology, precision medicine could be applied in FTD treatment by targeting the underlying pathogenesis ([@B85]). Based on the knowledge of the pathological tau protein spreading through prion-like propagation, the prevention of transneuronal spreading of pathological abnormalities is potentially an effective therapeutic strategy ([@B94], [@B95]). Administering tau aggregation inhibitors (i.e., methylthioninium chloride), microtubule-stabilizing drugs, tau-targeted immunotherapy, and tau vaccines may be useful therapeutic approaches in patients with tau pathology ([@B96], [@B97]).

Multiple approaches are available for tau-targeting therapeutics. First, tau aggregation and the various tau species formed (monomers, oligomers, prefilaments, granules, fibrils, and insoluble aggregates) during aggregation are of interest for potential therapeutic intervention. Hence, tau aggregation inhibitors have been proven effective in various *in vitro* studies ([@B98]). A proprietary formulation of non-neuroleptic phenothiazine methylene blue (methylthioninium chloride), which is used to treat malaria ([@B99]), has risen in the ranks in clinical development in recent years. This compound readily crosses the blood-brain barrier and prevents tau aggregation *in vitro* as well as in cell and animal models ([@B100], [@B101]). Safety and efficacy in a randomized, double-blind, placebo-controlled, multinational, and parallel-group clinical trial was demonstrated in 220 patients with bvFTD after 12 months of oral treatment; the results are yet to be published ([@B74]). Clarifying the efficacy of tau aggregation inhibitors *in vivo* is critical for preventing cognitive decline.

Second, microtubule stabilizers may be used as FTLD-tau therapeutic agents. Detachment of tau from microtubules leads to the loss of normal microtubule-stabilizing function, resulting in axonal transport defects and synaptic dysfunction. Davunetide---an eight-amino-acid peptide that arises from an activity-dependent neuroprotective protein-exerted substantial effects on behavior and cognition in tau-transgenic mice ([@B102]). In addition, intranasal or intravenous administration of davunetide established the safety and tolerability profile of davunetide in patients with mild cognitive impairment ([@B103]). However, whether microtubule destabilization is directly related to tau toxicity in tauopathies remains unclear. No therapeutic effect of davunetide for PSP treatment was detected in a double-blind, placebo-controlled, randomized phase II/III clinical trial ([@B104]).

Third, various anti-tau immunotherapy strategies have been successfully tested, suggesting that such strategies could be feasible options for clearing toxic protein species in tauopathies ([@B105]). Targeting abnormally phosphorylated tau epitopes (or pathologically relevant conformational epitopes) may be favorable for inducing antibody responses that promote tau clearance, as suggested by evidence found in animal models ([@B106]). The humanized anti-tau monoclonal antibody named ABBV-8E12 is also available for PSP treatment. A satisfactory safety and tolerability profile for ABBV-8E12 was demonstrated in a placebo-controlled, double-blind, phase I single-ascending-dose trial of 30 patients with PSP ([@B107]). Finally, modulating tau phosphorylation and targeting other posttranslational tau modifications (i.e., tau acetylation inhibitors) are also potential therapeutic strategies for FTLD-tau and other tauopathies ([@B74]). However, the current consensus is that tau-centric targeted treatment has no marked effect on long-term clinical outcomes ([@B108], [@B109]); further research is required to elucidate the potential roles of such therapies in treating FTD.

Other targets for therapy include disrupting the downstream effects of *C9orf72* and *GRN* mutations. An approach that entails developing antisense oligonucleotides to reduce the concentrations of potentially toxic *C9orf72* mRNAs has been applied to FTD patients ([@B110], [@B111]). This approach has also been implicated in the reduction of the total amount of pathological tau species ([@B112]). Because *GRN* mutation is related to progranulin haploinsufficiency and reduced progranulin concentrations, studies are attempting to adopt molecular approaches to prevent the reduction of progranulin concentrations and instead increase progranulin concentrations; such approaches include applying the histone deacetylase inhibitor suberoylanilide hydroxamic acid, which enhances progranulin transcription and alkalizing compounds that stimulate progranulin production ([@B113], [@B114]). Collectively, advances in the understanding of genetic mutations causing FTD have created new potential therapeutic targets for the development of effective disease-modifying drugs ([@B85]). These findings may enable physicians to develop precision medicine for the treatment of FTD patients with *C9orf72, MAPT, or GRN* mutations at a single-patient levels ([@B10], [@B115]).

Future Direction- Treatment Through Personalized Medicine
---------------------------------------------------------

The implication of precision medicine is to enable physicians to identify highly selective and effective treatments with relatively few side effects for patients with specific illness. Currently, precision medicine is applied to FTD diagnosis and treatment. Based on advances in neuroimaging and genomic research that has explored underlying genetic risk variants and cerebral structural and functional change in order to determine specific molecular pathways and pathophysiological processes, precision medicine is currently applied in clinical trials; such trials focus on subgroups of individuals and the development of therapeutic targets with known genetic risk for FTD ([@B116]). For example, in patients with clinical diagnosis of bvFTD, tau-targeting therapeutics (e.g., tau aggregation inhibitors) may be administered in those with suspected FTLD-tau pathology. On the other hand, in bvFTD patients with suspected FTLD-TDP pathology, progranulin -related therapies may be a viable treatment for those with *GRN* mutation. Likewise, for those with *C9orf72* repeat expansions, candidate antisense therapeutics could be used to reduce C9ORF72 expression. However, this is only the beginning of the precision medicine approach targeting the clinical process and treatment response of FTD. Collaboration among parents, family caregivers, and professionals (e.g., clinicians, scientists, and medical technologists) is crucial for identifying the pathological processes underlying FTD and for developing new interventions for successful application of precision medicine.
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